Rods, usually associated with highly sensitive dim-light vision, contribute to vision even in bright photopic intensities. New results in mice have important implications for vision of animals with rod-dominated or pure rod retinae.
That animals -including ourselvescan see in dim starlight as well as bright sunlight has fascinated researchers for a long time. Over the years, research has discovered a range of mechanisms allowing photoreceptors to function in dim light (for recent reviews see [1] [2] [3] ). Less is known about the processes that help the same photoreceptors adapt to very bright light intensities. Recent research (e.g. [4] [5] [6] ) has added much to our understanding of these processes. Now, as reported in Nature Communications, Tikidij-Hamburyan and colleagues [7] demonstrate convincingly that mice can indeed use responses from their rod photoreceptors in bright light. Vertebrate eyes function reliably over twelve orders of magnitude in light intensity by employing two types of photoreceptors. Cones function well in bright light, but high levels of intrinsic noise make them unreliable in dimmer light. In contrast, rods have low levels of noise and function well in dim light. Accordingly, we divide the range of light levels into the photopic region, where only cones function, the mesopic region, in which both types contribute to vision [8] , and the scotopic region, where only rods send reliable signals (Figure 1) .
The limits of vision have attracted a lot of research. The lower limit of cone vision and thus mesopic vision (i.e., the threshold of colour vision) is known for humans and some other vertebrates [9] . These include geckos, which use cones to see colour in much dimmer light than humans [9] . Even more fascinating, how rods, at the absolute visual threshold of scotopic vision, can reliably signal the presence or absence of a single photon of light has been the subject of numerous studies [1] [2] [3] .
By contrast, there is still uncertainty regarding the limit between mesopic and photopic intensities. This limit is set by the light intensity at which rods saturate and don't contribute to vision any longer, and depending on the species studied and the methods used, vastly different values are reported [10] . Generally, vision in the mesopic range is difficult to study [8] because cones interfere and, thus, a study system lacking cones is a big advantage.
In a collaborative effort of researchers in Tü bingen, Manchester and Helsinki, Tikidij-Hamburyan and colleagues [7] have now used cone-deficient Cnga3 -/-mice and characterized the bright light function of rods in detail, using electrophysiological recordings from the retina and the thalamus. In experiments using a large range of photopic conditions, they confirm that rods do initially saturate, but if allowed to adapt, recover the ability to respond to medium and high contrasts. More surprisingly, they recover faster in brighter light.
The researchers studied rod responses to light flashes of different defined contrasts in cone-deficient mice. They started with background light levels in the human-mesopic range, in which a single rod absorbs about one photon per second. Every 30 minutes, they increased the background intensity by a factor of ten. When they reached photopic levels after two hours of recordings, the responses to weak contrast flashes disappeared, as expected as a consequence of rod saturation. However, responses to high contrast flashes recovered over time, in each of three photopic light levels. Much to the surprise of the researchers, the rods recovered even faster in brighter light.
Not only did they see the rod responses directly in electroretinograms (ERGs) and rod-driven responses from retinal ganglion cells in isolated retinae, they could also record responses in vivo from neurons in the first relay station in the brain, the dorsal lateral geniculate nucleus (dLGN) in the thalamus of their mice. Here, even responses to flashes of lower contrasts could be detected, indicating that processes of spatial summation might improve signal quality. However, all these responses were recorded in cone-deficient mice. What happens in the presence of cones? In normal mice, it is impossible to separate stimulation of rods and their most frequent cone type, the M-cone. Using mice in which the M-cone pigment was replaced by human L-cone pigment, and a smart stimulation scheme, the team was able to demonstrate that even in the presence of cones, rods contribute to responses in the dLGN at photopic light levels [7] .
Model calculations allowed the team to test which mechanisms are responsible for the recovery of rods in bright light. Translocation of arrestin and other elements of the phototransduction cascade and bleaching of rhodopsin make strong contributions. How can rods react if increasing amounts of pigment are bleached? Kaylor and colleagues [5] recently discovered the answer: a light-dependent pigment regeneration process that happens in the photoreceptor membrane and is more efficient in bright light. Pahlberg and colleagues [6] recently demonstrated yet another mechanism: sensitization processes in the inner segment of the rod compensate for the reduced sensitivity in bright light, and rescue the voltage -and thus the signal at the rod synapse.
The interesting implication of these findings relates to the fact that all mammals have rod-dominated retinae. Nocturnal species have between 97% and 99.5% rods among their photoreceptors, crepuscular species 90 to 98%, and while numbers are lower in diurnal species, pigs have 80 to 90%, guinea pigs 83 to 92% and humans -outside a small rod-free region in the fovea -have about 95% rods [11, 12] . Seals and other pinnipeds with only one type of cone have over 95% rods, although they spend most of their time in shallow water, and cats have adapted to the human circadian rhythm despite their strongly rod-dominated retina.
The giant sperm whale, ant-eaters, armadillos and sloths have lost cones completely [13, 14] . According to textbook knowledge, with their pure rod retinae, they should be completely blind in daylight. Thus, it would be advantageous if their rods contributed to vision not only at night, but also between sunrise and sunset -in photopic light levels (Figure 1) . Mice are nocturnal. But there are presumably situations in which they need to see well in bright light -to escape a predator or find food, for example. Such situations may have selected for functional 'photopic rod vision', and it seems very likely that diurnal mammals share these or similar mechanisms. Such generalizations are speculative at this point; the transduction cascade, pigment regeneration processes and, not the least, subsequent neural processing of rod signals may differ among species, depending on evolutionary history and ecological needs. However, while Human thresholds based on [8] , mouse rod data on [7] . For mice, the brighter part of the bar represents photopic rod activity recorded in [7] , and the question marks indicate that the upper limit is not yet determined.
experiments on sperm whales may be difficult, research on guinea pigs [10] supports a function of rods in photopic vision. More research into the generality of this observation through the study of other mammals and vertebrates more broadly is highly desirable.
